The Santas Justa and Rufina Gothic church (fourteenth century) has suffered several physical, mechanical, chemical, and biochemical types of pathologies along its history: rock alveolization, efflorescence, biological activity, and capillary ascent of groundwater. However, during the last two decades, a new phenomenon has seriously affected the church: ground subsidence caused by aquifer overexploitation. Subsidence is a process that affects the whole Vega Baja of the Segura River basin and consists of gradual sinking in the ground surface caused by soil consolidation due to a pore pressure decrease. This phenomenon has been studied by differential synthetic aperture radar interferometry techniques, which illustrate settlements up to 100 mm for the 1993-2009 period for the whole Orihuela city. Although no differential synthetic aperture radar interferometry information is available for the church due to the loss of interferometric coherence, the spatial analysis of nearby deformation combined with fieldwork has advanced the current understanding on the mechanisms that affect the Santas Justa and Rufina church. These results show the potential interest and the limitations of using this remote sensing technique as a complementary tool for the forensic analysis of building structures.
Introduction
Subsidence due to water extraction is a well-known phenomenon that causes ground settlement due to an increase of soil effective stresses following a decrease in piezometric level. This phenomenon is generally not spatially uniform due to changes in soil properties and spatial variation of deformable soil thickness and piezometric levels, causing differential settlements and distortions that affect the buildings founded on the ground surface. The measurement of the evolution and distribution of these settlements is essential in order to adopt the appropriate corrective or mitigation measures. Recently, differential synthetic aperture radar interferometry (DInSAR) has become a very useful tool to study urban subsidence in metropolitan areas such as Me´xico city, 1 Rome, 2 Lisbon, 3 Paris, 4 among others. Even though ERS and ENVISAT sensors provide a limited resolution for working on individual buildings, monitoring urban infrastructures has been performed by Karila et al., 5 Herrera et al., 6 and Bru et al., 7 to successfully understand the deformational behavior of various structures. In this study, a forensic analysis of the Santas Justa and Rufina church (Figures 1 and 2 ) is performed jointly with DInSAR ground surface deformation data. The Santas Justa and Rufina church, located in Orihuela (Alicante province, Spain, Figure 3 ), was built in the Gothic style in the fourteenth century and was declared a Spanish National Monument in 1971. Throughout its history, the structure has been repaired several times after suffering the results of seismic movements, fires, and so on. In the last two decades, a new phenomenon has occurred that could affect the building's structural integrity. A series of long-term droughts in southeast Spain, combined with the aquifer overexploitation, have caused a consolidation process that has manifested as settlement at the ground surface. These settlements have affected the Santas Justa and Rufina church causing several areas of damage. The field data, mainly geotechnical data and in situ observations, jointly with DInSAR data have allowed problems affecting the church to be diagnosed.
The article is organized as follows: Section ''Description of the Gothic church'' describes the principal structural characteristics of the Santas Justa and Rufina church. Available information and previous works conducted in the church are briefly described in section ''Available information and previous works.'' Section ''Geological and geotechnical characterization'' is devoted to define the geological and geotechnical setting of the study area. Section ''Damages description'' includes an explanation of damages observed during fieldworks in the church, and section ''DInSAR survey'' is dedicated to subsidence measurements obtained using DInSAR. Then, a diagnosis is performed in section ''Diagnosis'' using all previously described information. Finally, section ''Conclusions'' presents the main conclusions.
Description of the Gothic church
The Santas Justa and Rufina church, declared a Spanish National Monument in 1971, is located in Orihuela (Alicante province, Spain) ( Figure 1 ). It is a Catholic church built in the fourteenth century and repaired in the sixteenth and eighteenth centuries, with both Gothic and Baroque influences. It consists of a main body with lateral chapels located between the counterforts ( Figures  1(b) and 2 ). Among all lateral chapels, there are two higher chapels, San Jose´chapel, located at the northwest of the church, and La Comunio´n chapel, placed at the southwest. There are two doors, the main door located at the west fac xade (Figures 1(a) and 2) , and a lateral door (Evangelio door) placed at the north fac xade (Figures 1(c) and 2 ). The sacristy, with a square plant, and the ante-sacristy, with a rectangular plant, are sited at the southeast part of the church. Finally, the bell tower found at the north of the church reaches a height of 35.5 m (Figure 1(a) ). The entire building is built of masonry with bricks and ashlars and is directly founded over silts and clays overlaying the church, which will be described in detail in section ''Geological and geotechnical characterization.''
Available information and previous works
The Vega Baja of the Segura River (VBSR) has suffered subsidence processes due to groundwater withdrawal, at least since the start of the 1990s, as shown in several news stories related with important settlements at the west end of Orihuela city. Moreover, a lot of studies have been performed on this area in order to measure subsidence and its relationship with variations in piezometric levels. Toma´s et al. 8 studied subsidence from 1993 to 2001 in the VBSR using DInSAR techniques measuring values up to 70 mm for the Orihuela city and up to 50 mm near the church. Toma´s et al. 9 compared subsidence data for the 1993-2009 period obtained by means of DInSAR techniques with subsidence triggering and conditioning factors. Measured settlements for this period were up to 100 mm for the whole urban area and up to 80 mm for the Santas Justa and Rufina church vicinity. Ivorra et al. 10 studied the incidence of soil subsidence on the dynamic behavior of a Santas Justa and Rufina bell tower.
Historical Information of the church is available from parochial archives since the church was constructed. They include a significant amount of data about the church in great detail. However, most of the historical information provided by parochial archives refers to the modifications and maintenance works performed over time. Several geotechnical reports of the Orihuela city are available. Three of them are focused on the church under study, although unfortunately only one is available. The available geotechnical report was performed specifically for studying the church pathologies on 2007. This geotechnical report includes three boreholes and useful information about the lithology and the geotechnical properties of the soil that are summarized in section ''Geological and geotechnical characterization.''
Geological and geotechnical characterization

Geological setting
The VBSR is located in the more oriental sector of the Betic Cordillera. The study area constitutes a monoclinal structure essentially controlled by the strike-slip Crevillente Fault Zone at the north that represents the convergence of two main structures of the Betic Cordillera: the Ca´diz-Alicante Fault System 11 and the Trans-Albora´n Shear Zone. 12 The Mesozoic basement of the basin consists of carbonate and evaporitic rocks from the Betic External Zones that protrude at the north and east area of the study zone. 13 The Bajo Segura Basin is filled by Neogene-Quaternary sediments (Figure 3) . zThe valley filling is composed on Holocene sediments at the ground surface above Pleistocene sediments deposited by the Segura River, whereas the eastern zones toward the Mediterranean Sea are occupied by littoral and lagoonal sediments. 13 Anthropic deposits can also be found at certain points in the valley generally related with urban areas. Recent sediments are the most compressible ones in the area and the most problematic from a geotechnical point of view.
The study area belongs to the so-called Guadalentı´n-Segura Quaternary aquifer System No. 47, 14 an aquifer characterized by two units: (a) a surface unconfined aquifer unit with a low conductivity composed by fine sand and silts deposited by the recent activity of the Segura River and coastal processes (toward the east of the zone) whose water table is found a few meters below the ground surface and (b) a second unit formed by gravels, usually interbedded with marls that constitutes a confined aquifer with greater hydraulic conductivity than the superficial aquifer. 15 The upper aquifer is the most scarcely exploited.
Geotechnical setting
Delgado et al. 13 made a geological-geotechnical characterization of the VBSR basin based on stratigraphic and geotechnical information. This model shows that sedimentary rocks, which constitute the geotechnical substratum, outcrop on the edges of the valley and are also found at certain depths, varying between 0 and 45 m toward the west, where the town of Orihuela is located. Sediments located above this basement are characterized by moderate to high compressibility, with compression indexes (Cc) varying from 0.07 to 0.29 and with an average value of 0.18. 9, 13 These sediments are the most compressible ones in the zone and as a consequence the most problematic from a geotechnical point of view.
Three geotechnical boreholes have been drilled in the proximities of the church ( The fillings are up to 2 m deep and present a low relative density with standard penetration test results lower than 5 blow counts. The next layer is composed of silty clays and clayey silts that present a slight improvement of the properties (standard penetration test up to 6 blow counts). The penetration values of this lithology increase notably with depth, reaching maximum values up to 15 blow counts from a standard penetration test. Silty sands are intercalated among the previously described layer. These sands have a higher penetration resistance than fillings and more surficial silty clays layer (11 blow counts). The geotechnical substrate is composed of carbonatic rocks (Figure 4 ), limestones and dolostones with refusal values on standard penetration test and uniaxial compressive strength higher than 30 MPa. This layer appears at a depth higher than 16.0 m and is used for founding deep foundations due to the considerable improvement of its geotechnical properties. Note that the depth of this layer changes in a few meters with slopes higher than 0.19 m per meter (.11°) in the church area.
Damages description
The Santas Justa and Rufina church has suffered several performances and maintenance works along its history. However, this study is focused on the damages that affected the church during the last two decades. Although the most serious damages observed in the last years have been trigged by deformations induced by regional land subsidence, other kinds of damages ( Figure 5 ) have affected the church: (a) rock alveolization, (b) efflorescences, (c) biological activity, and (d) capillary ascent of groundwater.
Rock alveolization is observed in sandstone blocks of several elements of the church causing a cluster of small cavities and an evident loss of resistance ( Figure  5(d) ). These holes can be the result of the stonework (stacking), biological activity (pits), or the action of salt in the irregular porous network of the marble (alveoli). 16 The salts form efflorescence growing on the rock surface ( Figure 5 (c) and (f)) composed of small crystals that can influence both weathering and disintegration (alveolization) of the rocks. Microorganisms (fungi, moho, lichens, etc.) and other organisms (birds, plants, etc.) can cause a wide range of pathologies that are out of the scope of this study. Due to the high water level and the proximity to the Segura River, capillarity ascent affects the lower part of the elements that are in contact with soil although humidity can affect higher elements (cupules, columns heads, etc.) when rain access through preexisting cracks ( Figure  5(f) ). Salts from groundwater can be transported by capillarity through the rock pore system causing salt crystallization, which is the origin of the previously mentioned efflorescence and alveolization processes.
Although the above-mentioned problems can cause long-term damages, the more dangerous pathologies are affecting structural elements, that is, walls and columns. The Santas Justa and Rufina church is affected by a regional process of subsidence due to water level descent. As has been previously explained in section ''Available information and previous works,'' accumulated settlements up to 100 mm have been measured in the Orihuela city from 1993 to 2009. The magnitude of these settlements depends on the thickness of the deformable soil, the deformability of the soft soil, and the increase of the effective stresses that depends on the piezometric level fall.
The eastern wall that closes the principal chapel suffered an important tilt in the 1970s. The problem was solved by the construction of two reinforced concrete counterforts (Figures 5(b) and 6 ). After that, the deformation affecting the church has occurred in two different phases. In the 1990s decade, important settlements affected the San Jose´chapel zone (southwest area of the church, Figure 6 ). Unfortunately, no in situ observations are available for this period. As a consequence, the foundation was reinforced in 2002 with micropiles. In a second stage (first decade of the present century), deformation affected the whole north zone of the church and the principal chapel area. Ground settlements were visible at the floor of the ante-sacristy, the sacristy, and La Comunio´n chapel. Multiple cracks where identified in the north, west, and east walls, affecting as well La Comunio´n cupola ( Figure 5(b) , (c), and (e)), the sacristy and the antesacristy. Several plaster markers were placed in the cracks in 2006 and controlled in 2008 coinciding with the higher piezometric level fall never known in the VBSR basin (Figure 7 ). Figure 6 shows that multiple cracks grew during this period as a consequence of the sinking of the foundation walls caused by ground subsidence. This affected zone of the church has been recently repaired in 2010 using micropiles ( Figure 6 ).
DInSAR survey
The forensic analysis of the Santas Justa and Rufina church has been supported by DInSAR data. Specifically, in this study, ground subsidence measurements have been obtained using a persistent scatterer interferometry (PSI) technique called stable point network (SPN). An in-depth description of this technique can be found in Refs 17 and 18, but a summary is included here for the sake of completeness.
The SPN algorithm uses the differential interferometric automated process applied to survey of nature (DIAPASON) interferometric software for all synthetic aperture radar (SAR) data handling, for example, coregistration work and interferogram generation. The SPN method generates three main products from a set of single look complex (SLC) SAR images Figure 8 . As it can be seen in Figure 8 (a) and (b), the higher density of PSs corresponds to the urban area of Orihuela. The agricultural area of the VBSR represents more than 56% of the total surface, 19 and as a consequence, the PSs density is drastically reduced in the surrounding areas of the city of Orihuela due to the lack of coherence along time on this area.
In the vicinity of Santas Justa and Rufina church, deformation rates up to 22.1 and 29. (d) ). Note that subsidence measured for the latter is higher than that of the previous period. This is due to the high piezometric level drop that affected the area because of the aquifer overexploitation. Unfortunately, no PSs are available for both periods for Santas Justa and Rufina church, although several PSs are found nearby. This is due to the loss of coherence, which is associated with the reforms performed in the cover and fac xades of the church in 1998 and 2002, for the first studied period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) . For the second period, the inexistence of PSs in the church may be explained taking into account the stricter selected model coherence threshold. Because of the independent processing for 1995-2005 and 2004-2008 periods, we have not forced to keep the same scatterers or measurement points for both time intervals. The temporal changes or the geometric decorrelation (we have slightly different wavelength between the two sensors) can produce a different selection of the measurement points for the two different processing strategies. Additionally, although the first time period is longer than the second one and as a consequence a higher decorrelation is expected, the retrieved final PS density is similar for both processing periods (82 and 122 PS/km 2 for 1995-2005 and 2004-2008 periods, respectively) due to the more restrictive threshold used for selecting the PS candidates in the second period. Figure 8 (g) represents north-south cross section of the study area. As it can be noted, Holocene sediments from the flood plain of the Segura River increase their thickness from the north toward the south (from the Sierra de Orihuela relief toward the center of the basin). Subsidence follows a similar trend. The Santas Justa and Rufina church is located near the Sierra de Orihuela that is composed of carbonatic rocks (dolostones and limestones). This relief deepens under Holocene sediments with high slopes causing important changes in substratum depth as it has been observed in the available boreholes performed in the church perimeter (Figure 4 ).
Diagnosis
In this section, the causes of observed structural pathologies are analyzed. Although other pathologies previously described (alveolization, humidity, etc.) affect the Santas Justa and Rufina church, this study is focused on the pathologies caused by ground subsidence.
From a geotechnical point of view, the church is founded over deformable Holocene clays and silts with an intercalated sandy-silt layer. All of them present a low bearing capacity with very low values of standard penetration (lower than 15 blow counts). Geotechnical substratum, composed of dolostones and limestones with a high bearing capacity, is placed beneath the previously described layer. The geotechnical substratum depth varies from 214 m in borehole S1 to more than 223.1 m in borehole S3. This means that an important variation of deformable soil thickness is expected in the church subsoil, increasing toward the south. This fact favors the occurrence of differential settlements of the structure.
DInSAR results (Figure 8) show that the whole Orihuela city has suffered subsidence due to water withdrawal at least since 1995 with sinking values up to 100 mm. This subsidence has been proved to be closely related with piezometric level changes (Figure 7 Given that DInSAR results indicate that the VBSR is suffering a regional subsidence process that is affecting the whole city of Orihuela, 8, 9, 20 we have interpolated available PS data for both periods in order to study the effect of subsidence on the area where the church is placed. The low density of points of measurement in the surrounding of the church suggests that the interpolation process might introduce a high level of uncertainties. Furthermore, the distribution of points is not symmetrical with respect to the church, and this might strongly bias the interpolation process. As a consequence, the interpolation was carefully performed for an area of 70 km 2 around the town of Orihuela using 5730 and 8572 PSs for the first and second temporal periods, respectively. As the deformation has a trend with a N30E direction, the method used to obtain the prediction map was the universal kriging discarding ordinary kriging method. On the other hand, the terms of the trend are unknown, and as a consequence, the simple kriging method has also been discarded. When the adjustment of the experimental variogram was made, the trend and anisotropy directions (N30E and N70E) were taken into account. We consider that buildings located over high ground surface deformation gradients can suffer anisotropic stresses and as a consequence a greater propensity to damage. 21 Taking this into account, we have used the interpolated maps in order to estimate the differential settlements and the gradient (angular distortions) affecting the church. At this point, it is important to highlight that local settlement values different from the ones obtained from the interpolation process could affect the religious building, but they are unknown due to the absence of PSs located within this building. For these reasons, analyzed differential settlements and distortions are based on the interpolated derived maps.
Computed differential settlements provide maximum differential settlements of 7.6 and 17. 
Conclusions
The Gothic church of Santas Justa and Rufina, located in Orihuela (southeast, Spain) has suffered damage due to the settlements that affected the building at least from 1995. The church subsoil is favorable for consolidation processes. It is composed of fillings and Holocene fine materials (silts and clays) with some coarse intercalations (silty sand) that reach thicknesses higher than 23.1 m at the south of the church. Fieldworks have allowed us to identify the most affected zones of the church providing detailed data about the kinds of pathologies affecting the church. Rock alveolization, efflorescences, biological activity, and capillary ascent of groundwater are other pathologies affecting the church. DInSAR data have permitted a global interpretation of the church's deformation and its surrounding areas to be obtained for a temporal period where no in situ settlement measurements were available. DInSAR data show a regional subsidence process with settlements up to 100 mm from 1995 that affects the whole Orihuela city. Settlement values up to 22.1 and 29.5 mm/year for 1995-2005 and 2004-2008 have been measured by means of DInSAR in the vicinity of the church. The lack of measurement PSs within the church buildings, due to the loss of interferometric coherence, has been solved through the elaboration of interpolated deformation maps using the universal kriging method.
Furthermore, the analysis of the interpolated DInSAR data has allowed a general increase of soil deformability toward the center of the valley (direction approximately northeast-southwest) to be recognized in agreement with the soft soil distribution on this area. Moreover, the maximum differential settlements and angular distortions derived from the interpolated maps are 7.6 and 17.8 mm and 2.3 3 10 24 and 4.5 3 10 24 m/m, respectively, for both periods affecting the church. These data are consistent with field observations, which are indicative of the whole church being affected by regional subsidence. As a consequence, although some limitations are inherent to the technique (mainly temporal decorrelation and resolution), the new missions TerraSAR-X and COSMO-Skymed will allow us to improve the PS resolution and the density on the church. As a final conclusion, it can be said that DInSAR is a powerful tool that can be very useful for complementing classic forensic analysis of buildings performed by means of field observations and in situ records providing a more regional vision of the problem. 
